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Derivation of Non-Integration Induced Pluripotent Stem Cells from
Fibroblast of Severe Deafness Patients with GJB2 Mutation
In all the connexin-associated human diseases, deafness is one
of the most important diseases with high frequency. The mutations of GJB2 (gap junction protein b2, also called connexin
26, Cx26) gene link with nonsyndromic or syndromic sensorineural hearing loss and were shown to account for a large
proportion of congenital deaf cases in many studied populations (del Castillo and del Castillo, 2011). For example, the
235delC mutation in GJB2 shows the frequency of approximately 1% and is the most frequent mutation in East Asian
population (Yan et al., 2003). Many efforts have been put to
study the function of Gjb2 gene in both mouse model and
human. In mouse, extensive deletion of Gjb2 causes embryo
lethal due to the decreased transplacental glucose uptake,
which was not found in human (Takata and Hirano, 1997;
Gabriel et al., 1998). In human, GJB2 deficiency is not able
to cause embryo lethal (D’Andrea et al., 2002). However, the
study of GJB2-associated hearing loss is hampered by many
difficulties, such as unobtainable human cochlea and acoustic
nerve tissues, and therefore the underlying mechanisms of
GJB2-associated hearing loss are still remaining unclear.
Recently, induced pluripotent stem cell (iPSC) technique has
been developed rapidly and holds potential to become a powerful
tool to study human diseases, such as amyotrophic lateral sclerosis (ALS) (Dimos et al., 2008) and Parkinson’s disease
(Soldner et al., 2009). The methods of non-integration reprogramming to generate iPSCs by transfecting modified plasmids,
mRNA, miRNA or episomes overcome the inherent problems
incurred by introducing viral vectors to target cells (Warren
et al., 2010; Yakubov et al., 2010; Anokye-Danso et al., 2011;
Yu et al., 2011). The non-integration reprogramming system also
eliminates the biosafety risks caused by viral-based systems.
To investigate function of GJB2 in human neural differentiation in early embryo stage, we firstly induced patientspecific non-integration iPSCs from GJB2-associated deaf
patients to study human hearing development. Two patients
were enrolled in this study. One was a 23-year-old Chinese
male (ID 0517) and the other was an 18-month-old Chinese
female (ID 0626), both of which were diagnosed with profound congenital nonsyndromic deafness. We thoroughly
reviewed the patients’ onset age, symptoms, CT scan and

family history, excluding traumatic or metabolic factors.
Clinical details of patients were listed in Figs. S1 and S2, and
Table S1. Microarray-based biochips revealed homozygosis
mutation in the GJB2 gene (235delC nucleotide change) in
both donors (Figs. 1A and S3A). Cx26 is a transmembrane
protein (Maeda et al., 2009). The 235delC mutation was predicted to cause a frameshift at codon 79, resulting in a truncated Cx26 polypeptide (Abe et al., 2000). The biochip result
excluded other common deafness-associated mutations in
Chinese people, such as GJB2 35delG, 176del16 and
299delAT, GJB3 538C>T, SLC26A4 2168A>G and IVS7-2
A>G, mitochondrial 12s rRNA 1494C>T and 1555A>G, as
described by the biochip instruction (Fig. S3A) and previous
studies (Chen et al., 2011; Li et al., 2012; Xin et al., 2013).
The fibroblast cells from ear skin biopsies were expanded
and transfected with episomal vectors containing the six
reprogramming factors (OCT4, SOX2, NANOG, LIN28, KLF4
and LMYC ) through electroporation, and then cultured for 4
days in fibroblast culture medium (Materials and Methods in
Supplementary Data, and Fig. S3B). After that, the cells were
subsequently plated on Mitomycin C treated CF1-feeder cells
in human embryonic stem cells (hESCs) medium supplemented with human Lif for reprogramming. Approximately
two weeks later, some colonies that were similar to hESCs in
morphology appeared (Fig. 1B). Five hESC-like colonies
(named 0517-2, 0517-3, 0626-1, 0626-2 and 0626-3) were
picked up individually and disaggregated into small clumps
without enzymatic digestion for passage. After several passages, one stable iPSC line (named iPSC-1) derived from
colony 0517-2, and another stable iPSC line (named iPSC-2)
derived from colony 0626-1, were established respectively.
Both iPSC-1 and iPSC-2 clones were alkaline phosphatase
positive and expressed pluripotent markers OCT4 and SSEA3
(Figs. 1B and S3C). We confirmed that the two iPSC lines
carried the GJB2 235delC mutation by DNA sequencing
(Fig. 1C). In addition, karyotype analysis revealed both iPSC1 and iPSC-2 clones had normal karyotypes with 46 chromosomes (Fig. S3D and E). PCR analysis showed the oriP/
EBNA1 which existed in episomal vector backbone was not
integrated into the genome in all five colonies (Fig. S3F).
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Real-time PCR analysis showed that the endogenous gene
expression levels of OCT4, SOX2, NANOG and DPPA3 were
equivalent to those in the hESC line H9 (Fig. S3G). All the
data suggested the iPSCs with GJB2 mutation exhibited the
characteristic of pluripotent stem cells.
To evaluate the differentiation capacity of GJB2 235delC
iPSCs in vitro, we allowed iPSC-1 and iPSC-2 to differentiate
into embryoid bodies (EBs) for 7 days (Fig. S4A). The RT-PCR
results confirmed that key marker genes of three germ layers
were expressed in the differentiated cells, such as microtubuleassociated protein 2 (MAP2, ectoderm), paired box 6 (PAX6,
ectoderm), Msh homeobox1 (MSX1, mesoderm) and SRY-box
containing gene 17 (SOX17, endoderm) (Fig. S4B). To evaluate the differentiation capacity of GJB2 235delC iPSCs in vivo,
1  106 cells of iPSC-1 and iPSC-2 were subcutaneously
injected into severe combined immune deficiency (SCID) mice,
respectively. Four weeks later, the teratomas were harvested for
hematoxylin-eosin (HE) staining. Histological examination
showed that the teratomas contained derivatives of the endoderm
(glandular structures), mesoderm (cartilage), and ectoderm
(epithelium, nerve fibers) (Fig. S4C). These results indicated that
GJB2 235delC iPSC-1 and iPSC-2 were pluripotent stem cells.
To investigate the role of GJB2 gene in the process of
hearing development, we firstly investigated whether human
iPSCs with GJB2 235delC mutation were able to differentiate into neural progenitors and neurons in vitro, following a
published protocol with small modification (Materials and
Methods in Supplementary Data, Fig. S4D) (Pankratz et al.,
2007; Zhang and Zhang, 2010). The pluripotent stem cells
were differentiated into suspended EBs after withdraw of
feeder cells and basic fibroblast growth factor (bFGF), and
cultured in low-attached dishes (Fig. 1D). At day 7, EBs
were replated and further differentiated to form neuroepithelial (NE) cells. Typical cellular structures “neural tubelike rosettes” appeared during 12e18 days (Fig. 1D). In the
process of differentiation, NE cells appeared, which were
characterized by columnar epithelial morphology and stained
highly positive for neuroectodermal transcription factors
PAX6 and NESTIN at day 10 (Fig. 1D). To purify the NE
cells, neural tube-like rosettes were separated and grown as
neural spheres for several days. PAX6 and N-CADHERIN,
highly expressed in NE cells, were up-regulated after neural
tube formation, while the level of pluripotent transcription
factor NANOG was decreased significantly in neural progenitor cells (NPCs) at day 20 (Fig. 1E). Neuronal nuclear
antigen (NEUN) and bIII-tubulin (TUBB3) were both
expressed in NPCs (Fig. 1F). The neural spheres were
replated for neuronal differentiation until the synapse-like
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structures were formed (Fig. 1F). At day 42, a portion of
pluripotent stem cells-derived neural cells grew like astrocytes and highly expressed glial fibrillary acidic protein
(GFAP) (Fig. S5). Some of the other neural cells at day 42
showed typical synaptic puncta, and highly expressed
neuronal marker TUBB3 (Fig. S5). We confirmed that GJB2
was expressed in certain types of human cells, including
hESCs, EBs, neural cells and iPSCs (Fig. S6). The expression of GJB1 was also tested, and the result showed that the
GJB1 was surprisedly up-regulated in GJB2 235delC iPSCs
in comparison with hESCs (Fig. S7). No obvious difference
in morphology was observed between hESC-derived neural
cells and GJB2 235delC iPSC-derived neural cells. These
data indicated that GJB2 235delC iPSCs derived from donor
cells were able to differentiate into neural progenitor cells
and neurons in vitro in the similar manner to hESCs, not only
in morphology but also in endogenous gene expression and
surface markers, with the exception of GJB1.
By the third week after conception during embryonic development, a rudimentary nervous system begins to develop, and
most neurons exit cell cycle and survive for a whole life. The
onset of auditory function after the 20th week of gestation coincides with developments in the cochlea. The correct function
of certain cells, including cochlear hair cells and their innervation by spiral ganglion neurons, is the key point of hearing
development from conception. In this study, we excluded that the
initiation of neural differentiation could be affected by GJB2
deficiency, which suggests that the defects of cochlear cells
caused by GJB2 235delC mutation may occur in the further
developmental stage. Thus, in the next step, we will focus on the
study of deriving cochlear cells from patient-specific iPSCs. To
our knowledge, our study is the first time to describe nonsyndromic hearing loss disorder with GJB2 deficiency by using
human neuronal model. Previous standard procedures to analyze
GJB2-associated hearing loss (for example, conditional
knockout animal model, protein 3D structure and cochlear
postmortem) were only proceeded in animal model and postmortem tissue, with the limitations of species interaction and
non-living cells. We generated and characterized patient-specific
iPSCs from GJB2-associated deaf patients, providing a new
system for the study of disease pathogenesis in human cells.
These iPSC-derived cells exhibiting disease-relevant phenotypes provide the requisite resource for precisely elucidating
pathogenesis and developing a novel therapeutic strategy. In our
study, the generation of non-integration iPSCs without using
integrating viral vectors excluded the potential mutation by
exogenous gene integration in the genome, and provided a
closer way for precise disease model. We also attempted to

Fig. 1. Derivation of non-integrating iPSC from fibroblast of patient 0517 with GJB2 mutation.
A: Comparing with bead image of the microarray assay in all wild-type alleles, the bead image of genomic DNA from patient 0517’s blood sample indicated
homozygosis 235delC mutation in GJB2, which was a frameshift mutation 50 -ATCCGGCTATGGGCCTG-30 . B: The P0 and P2 colonies of iPSC-1 grew ES-like
clones and alkaline phosphatase (AP) staining shows positive in all iPSC clones. iPSC-1 expressed the pluripotency markers OCT4 and SSEA3 and did not express
SSEA1. Nuclei were stained with Hoechst. C: GJB2 DNA sequencing confirmed the 235delC mutation in iPSC-1 and iPSC-2, compared with wild-type GJB2
sequence (GenBank ID NM_004004.5). D: The morphology of iPSC-derived EB and NE cells. The NE cells derived from iPSC-1 at day 10 were stained positive
for PAX6 and NESTIN. E: RT-PCR showed the expression change of NANOG, N-CADHERIN and PAX6 during differentiation from iPSCs and hESCs to NPCs. F:
iPSCs derived NPCs and neurons were obtained after differentiation from day 16 to 28 and from day 29 to 42, respectively. The NPCs derived from iPSC-1 at day
20 were stained slightly positive for NEUN and TUBB3 in plate.
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provide insights into the gene expression events that could be
affected by the GJB2 235delC mutation in iPSCs. We found that
the endogenous pluripotency and neural gene expression in
neurogenesis of these iPSCs were almost similar to wild-type
human ES cells, as well as morphology of both types of cells.
Our results demonstrated that GJB2 deficiency barely affected
the initiation of neurogenesis. One possible reason could be the
compensatory of GJB1 to the deficiency of GJB2, since Cx26
often forms heteromeric gap junction channels with Cx32
(GJB1), and Cx32 could functionally replace Cx26 (Degen
et al., 2011). However, the further investigation is needed.
Further analysis is required to elucidate which proteins or
signaling pathways could be involved in the development of the
disease phenotype. In further study along the process of human
hearing development, it is necessary to obtain iPSC-derived
cochlear hair cells and supporting cells with GJB2-defeciency,
which may help us understand how mutations provoke opposite
effects on cochlear cell development and result in deafness
eventually. The non-integration iPSC also provides potential
clinical application of iPSC-based cell therapy. Considering the
complexity and difficulty of GJB2 pathogenesis, what we’ve
done is to take one step further.
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